Angiocardiography and cardiac catheterization have produced many new problems in radiology, and it is most important that both the cardiologist and radiologist should be aware of the dangers to which they may expose themselves and their patients. For example, in designing apparatus for angiocardiography it must be borne in mind that if this procedure is used for routine investigations care must be taken beyond that necessary in experimental work, since it is essential that all concerned should be adequately protected from both direct and scattered radiation. Unfortunately a knowledge of the output of the X-ray set, in terms of kilovoltage and.milliampere seconds, is insufficient to enable the quantity of radiation received by the patient and those in close proximity to the patient to be calculated. In this paper an attempt is made to show what factors must be considered in estimating the direct and scattered X-rays, and to give some indication as to how this estimation can be carried out. Little has been published in the past about the measurement of scattered radiation in diagnostic X-ray work, and the recommendations set out in the following paragraphs are based on experiments carried out in the X-ray Department at Guy's Hospital during investigations of routine cases.
Angiocardiography and cardiac catheterization have produced many new problems in radiology, and it is most important that both the cardiologist and radiologist should be aware of the dangers to which they may expose themselves and their patients. For example, in designing apparatus for angiocardiography it must be borne in mind that if this procedure is used for routine investigations care must be taken beyond that necessary in experimental work, since it is essential that all concerned should be adequately protected from both direct and scattered radiation. Unfortunately a knowledge of the output of the X-ray set, in terms of kilovoltage and.milliampere seconds, is insufficient to enable the quantity of radiation received by the patient and those in close proximity to the patient to be calculated. In this paper an attempt is made to show what factors must be considered in estimating the direct and scattered X-rays, and to give some indication as to how this estimation can be carried out. Little has been published in the past about the measurement of scattered radiation in diagnostic X-ray work, and the recommendations set out in the following paragraphs are based on experiments carried out in the X-ray Department at Guy's Hospital during investigations of routine cases.
The measurements recorded in the following paragraphs were made with two main objects in view, (a) to ensure that the patient does not receive an excessive dose; and (b) to protect those near to the patient. Whereas the risk to the patient lies in administering a dose of X-rays sufficient to cause burning of the skin, the danger to those nearby arises from the fact that they are frequently exposed to radiation and must be protected from its long-term effects, viz. injury to the superficial tissues, and changes in the blood and bone marrow and reproductive organs. With the average quality ofthe X-ray beam used for these investigations, that is filtered by one millimetre of aluminium or its equivalent in other ways, the dose that will produce a first-degree erythema of the skin is about 150 rontgen units* delivered on one day. In connection with the filtration of the beam it is useful to note that an aluminium filter is necessary for safety and such a filter or its equivalent is frequently incorporated during manufacture. The purpose of this is to suppress the very soft radiation from the tube since such radiation is particularly harmful. The filter does not eliminate the risk of burning referred to previously, nor does it give any indication of the dosage. The maximum permissible whole body dose for persons who are regularly exposed to radiation, such as the radiologist, surgeon, and anmsthetist, has been fixed as 0 5 r. per week, or a dosage rate of 4 x 10-6 r. per second. For the hands, informed opinion tentatively regards 1'5 r. per week as the maximum permissible dose. At the outset we wish to emphasize the fact that although these investigations are diagnostic procedures nevertheless it is quite possible for the patient to receive a dose sufficient to cause a first-degree erythema and for those nearby to receive a dose well in excess of the permitted maximum. Further-more the potential injury is caused to the patient by the direct beam; but to those nearby, mainly by radiation scattered from the patient.
The arrangement of apparatus employed for routine cases of angiocardiography has already been described by Hills (1948) , and that for cardiac catheterization by Holling and Zak (1950) . Using these methods, observations have been made both during treatment of patients and by using a wax phantom to simulate the patient. For the determination of doses the instruments used were a Victoreen dosemeter, a pocket type Lauritsen dosemeter, and a small condenser ionization chamber with a Baldwin Farmer electrometer. A Philips D.X.4 set was used for angiocardiography and a G.E. Victor set for the catheterization. A short focus screen distance was largely dictated by the need for obtaining the brightest shadow on the screen, and in practice this distance was set for 30 inches. It was of course arranged that the X-ray beam should cover only the area of the fluorescent screen that was photographed by the camera. The settings for the tube were generally in the range 70-77-5 kilovolts, 300400 milliamperes, and 0 1 seconds for A.P. views. For oblique views the kilovoltage was increased to 80-85. For the purpose of taking measurements the settings (nominal) employed were 77 5 kilovolts, 400 milliamperes, and 0-1 seconds.
The radiation dose at the level of the skin of the patient, but without a patient in position, was found to be 1 1 r. per exposure. When a wax phantom was inserted in the position which would be occupied by the patient the dose was 1 5 r. per exposure. This difference is due to the fact that when the direct beam enters the phantom (or patient) some of the radiation is scattered. A proportion of this radiation is scattered back towards the tube and emerges at the surface of the phantom (or patient) where it reinforces the direct beam. The total dose at the surface thus comprises incident plus scattered radiation and is termed the " skin dose." Over the whole irradiated surface this skin dose varies from 10 r. at the perimeter of the field to 15 r. at the centre. Thus the average skin dose per exposure&may be taken as 1-3 r.
Observations of scattered radiation were made at various points in space round the phantom. For convenience the values quoted are those showing the variation (a) along the horizontal direction coinciding with the outstretched arm of the patient, (b) along the vertical directions at a distance corresponding with the approximate position of the surgeon, and (c) along the vertical direction at a distance corresponding with the approximate position of the anmsthetist. These are summarized in Table I . During the course of a number of investigations a small condenser chamber was placed inside the surgeon's glove to record the dose received at the back of his hand. These readings varied from 0-1 r. to l 0 r. for a complete series of exposures, the most frequent value being 02 r. The dose was closely related to the size of the patient and hence to the distance of the hand from the patient (see Table I ). Measurements were also made to determine the dose received by the anmsthetist's hands, the position of which depends on the size of the patient. In practice only young patients are anesthetized and of necessity the hands are always on the fringe of the direct beam and frequently directly in the beam. Observations showed that the dose received by the back of the hands could vary from 082 r. on the fringe of the beam to 1 5 r. in the beam, per exposure. This latter dose is greater than that received by the patient because the hands are closer to the tube.
All the doses quoted above will vary if kilovoltage, tube current, and/or exposure time varies. The effects of such variations are shown in Table II . It will be noted that the exposure time was fixed at 01 seconds since experience showed that this was the optimum time to reduce the blurring due to respiration and still achieve adequate contrast on the films.
Changes in kilovoltage and tube current are made in order to compensate for the variation in size of the patient. Consideration of these figures reveals that the intensity of the scattered radiation does not vary significantly with changes in size of the patient.
CARDIAC CATHETERIZATION
The problem to be considered in this case differed from the previous one in so far as the patient is screened, using the under-couch tube, at a lower kilovoltage and a very much smaller tube current but for a greatly increased length of time. The arrangement of apparatus admits of less variation than for angiocardiography, and in fact the only factor directly controlled by those taking part in the investigation is the position of the diaphragms of the tube. This will be referred to later in the paper.
Before making observations it was necessary to decide on suitable settings for the tube. A time limit of twenty minutes had already been imposed on the grounds of possible harm to the patient, and experience had shown that the screening current could be much reduced whilst still maintaining a suitable contrast on the screen. Nominal settings of 64 kilovolts and O 5 milliamperes were used for the bulk of the observations. Although the screening current is quoted as 0 5 milliamperes, it must be understood that for purely technical reasons the actual current through the tube differs from this by an amount depending on the particular set used (see later paragraph). In addition the diaphragms were closed down as far as possible, the screen itself being moved when necessary to follow the movements of the catheter. 'The measured area of cross-section of the beam on the back of the patient was about 12'cm. by 12 cm. For the majority of measurements a wax phantom was used, the phantom being placed about 15 cm. above the surface of the couch to allow for the fact that the patient normally rests on a sorbo rubber pad on the couch.
The first observations were to determine the skin dose to the patient. Using 64 kilovolts and 0O5 milliamperes the measured dose rate at the skin was 5-5 r. per minute. This value varies markedly with change of kilovoltage or tube current as can be seen from Table IlI. At this point is is necessary to emphasize certain aspects of these data. On the set in use, and in fact or many diagnostic sets, it is not easy to adjust the tube current accurately to 0-5 milliamperes. Further, when the meter reads between 0 and 3-0 milliamperes the registered value cannot be taken as the precise current through the tube. For the apparatus used in these experiments it was possible to check the actual tube current by putting a meter in the high voltage lead to the anode and comparing its readings with those registered at the control panel. These observations showed that when the control panel meter registered 0 5 milliamperes, i.e. the nominal setting referred to in Table III , the current through the tube was 0 9 milliamperes.
The significance of these facts is that the dosage rates given above, whilst true for the particular equipment, will not necessarily be true for another equipment set up to the same nominal readings of kilovoltage and tube current. An additional factor that will have an effect on output is the inherent filtration of the tube, i.e. the filtering of the radiation from the anode by the walls of the tube and by any other material placed in the path of the beam. When a tube ages, metal from the anode is deposited on the inside of the walls of the tube, and the anode becomes pitted. Both these effects increase the inherent filtration, thus reducing the output. As an example of these factors the output of a tube of identical manufacture but much older and fitted to another equipment with a different control desk was measured. The conditions as far as tube-phantom distance, aperture of beam, etc., were concerned were the same, and the control desk was set to give 64 kilovolts, 0-5 milliamperes as nearly as possible with the controls provided. The dosage rate at the skin was measured as 1*7 r. per minute which is appreciably less than that obtained with the set normally used. Finally, it must be borne in mind that the intensity of X-rays falls off inversely as ,the square of the distance from the source. The focus-skin distance in the apparatus employed was approximately 40 cm. If this distance were increased to 80 cm. then the tube output would need to be increased fourfold in order to obtain the same brightness at the screen as is used in routine work.
Clearly the criterion to be adopted in deciding upon a suitable setting of kilovolts and tube current must be related to the contrast on the fluorescent screen. In this connection the relative opacity of the catheter is important. For routine investigations at Guy's the catheters used are of American manufacture and have an opaque tip. Other types of catheter may be more or less opaque and will necessitate a suitable adjustment of the tube output, Whatever type of catheter is used, the aim must be to work with the minimum screening current that will suffice to give an adequate degree of contrast on the screen, thus enabling the position of the catheter to be established without ambiguity. The observer must be thoroughly dark-adapted before attempting to judge the suitability of the contrast on the screen. The measurements made on scattered radiation were carried out in the same manner as for angiocardiography. In this case a fluorescent screen is placed immediately above the patient and this affords a substantial measure of protection in the region of the shadow cast by this screen. The diaphragms are closed as far as possible and this, together with the fact that the lead glass on top of the screen is equivalent to 1-5 mm. of lead under the conditions employed, reduces the radiation passing through the screen to negligible proportions. However, it has been found convenient to use quite a small screen so that the region in space from which radiation is blotted out by the screen is smaller than it would normally be. The results are given in Table IV and the points at which measurements were made are related to Fig. 2 by letters.
To illustrate the reduction in dose rate brought about by increase in distance from the patient, the observation of dose at the level of the surgeon's hands was repeated at a point 20 cm. farther away (see point H in Fig. 2 ). This point was a total distance of 50 cm. from the centre of the field, and was in the approximate position of the surgeon. At 0 5 milliamperes the dosage rate was 0-003 r. per minute and for 1 0 milliamperes it was 0-0045 r. per minute, a reduction of some 50 per cent from the dosage rate at point C. Any increase in the area of the patient's skin that is irradiated will give rise to two effects. The first of these is that there will be an increase in the skin dose and in the area of the skin affected, the second is that there will be an increase in the intensity of scattered radiation. As an illustration of these effects three measurements were repeated, the skin dosage rate to the patient at 64 kilovolts and 0 5 milliamperes, the intensity of scattered radiation at the position corresponding to the surgeon's hands, and the intensity of scattered radiation at a point corresponding to the surgeon's body, all being taken with the irradiation area increased fourfold. The respective values were 7-2 r. per minute, 0-06 r. per minute, and 0'02 r. per minute, representing a substantial increase.
Observations were taken of the skin dose to the patient and the dose to the surgeon's hands during several catheterizations. These values are in fair accord with the results quoted above, but the measured skin dose is likely to be smaller than that given in the previous paragraph. The reason for this is simply that it is impossible to move the dose measuring chamber about beneath the patient to follow the movements of the screen, and further, the position of the chamber must be at the edge of the field in order to avoid causing any interference with the picture on the screen. The doses given are therefore likely to be smaller than the actual dose received by the patient's skin. It contrast to this it can be seen that the dose to the surgeon's hand is greater than expected; this is almost certainly due to the hand being closer to the patient. CHEST RADIOGRAPHS Skin doses were measured for twenty patients using a 6-ft. focus-film distance. With ordinary film the variation was from 0 13 r. to 022 r., whilst with special fast film a smaller dose varying from 0 04 r. to 0412 r. was measured.
ROUTINE SCREENING
The considerations outlined for catheterization in respect of variation in tube output, variation of skin dose with kilovoltage, tube current and screening time, effects of aperture of the diaphragms and focal skin distance and the variation of scattered radiation apply equally in this case. There are, however, certain differences worthy of notice. In a general investigation of this type it is frequently necessary to work with the diaphragms set so as to cover the whole chest instead of a part of it. A brighter screen, requiring a larger tube current is often needed, but the screening time is normally much less than that for catheterization. Observations showed that using a Philips D.X.4 set at 60 kilovolts and 1.5 milliamperes with a focus screen distance of 80 cm., the skin dosage for an average screening time of 3j minutes was 7-7 r.
DIsCUSSION
In assessing the value of these measurements it must be remembered that the observations are certainly not more accurate than +10 per cent, and in particular that measurements made on one X-ray set are not immediately applicable to another. Nevertheless, the figures quoted do give the correct order of magnitude of the doses, and the conclusions drawn from them do indicate the precautions most likely to be needed to protect the patient and those nearby. It is convenient to review these figures in terms of the patient and those nearby under separate headings.
Patient. There is a risk that he may receive a skin dose sufficient to produce some degree of X-ray burning. It is not thought likely that the total radiation will have any harmful effect otherwise. In considering the effect of X-rays on the skin the time factor must not be omitted, and in assessing the total skin dose all X-ray investigations made must be taken into account since the effects are cumulative. The whole investigation may include ordinary chest films taken at six feet, screening and a barium swallow (probably with further films), screening and further films with cardiac catheterization and an angiocardiography series. The doses on the skin during these investigations are shown in Table VI .
It is obvious that as a diagnostic X-ray procedure one should not approach a skin erythema dose. If a patient has received a dose in the nature of 150 r. he should certainly not have any further radiation to the same area for a period of at least 14 days, and in any year should not receive such a dose on more than three or four occasions at most. Although the tube current for fluoroscopy is fractional in comparison with that used for individual angiocardiographs this aspect of the subject is of no less importance, since it is clear that the greatest dose is that administered during screening.
It is therefore very necessary to decide upon the maximum safe screening time. The most satisfactory method of doing this is to measure the skin dosage rate to the patient under the conditions obtaining during the investigation, and so determine the time during which a dose of 150 r. would be administered. Failing this, it is possible to arrive at an order of magnitude for the skin dosage rate by making use of published data (Binks, 1943) for tube outputs and by assuming that the actual dose at the skin will be increased by a factor of about 20 per cent as a result of back scatter. Hence, again, the maximum safe screening time can be determined. In practice it may well be that the time taken by cardiac catheterization, and therefore the skin dose to the patient, are less than the maximum. If this reduction in dose is appreciable then the time that should elapse before angiocardiography can also be reduced, the extent of the reduction being determined by the actual dose received. Those in close proximity to the patient, i.e. surgeon, anasthetist, and radiologist. The danger incurred by those assisting lies in the regular exposure to radiation. From the figures already given typical whole body doses and hand doses are shown in Table VII.   TABLE VII  SUMMARY OF DOSAGE The above figures refer to one investigation: if the same person carries out more than one a week the dose will increase proportionately.
It will be clear from these figures that the intensity of the scattered radiation is by no means negligible. In fact for the anmsthetist in angiocardiography it is far in excess of the permitted dose, and may easily become so for the surgeon, especially if his hands move into the direct beam. Further, if the same surgeon does two or three investigations a week he then receives a dose
